Abstract-The concept of Time-Reversal Division Multiple Access (TRDMA) has recently been proposed as a promising medium access technology for wireless broadband communications. Previous work on TRDMA mainly focuses on the multi-user downlink system. In this paper, we first introduce a TRDMAbased multi-user uplink architecture and then propose a 2D parallel interference cancellation scheme to enhance system performance. The TRDMA uplink architecture keeps the cost of endusers at a minimum level, and reuses the processing power at the base station that has already been made available for the downlink. The proposed 2D parallel interference cancellation scheme utilizes tentative decisions of detected symbols to effectively cancel both inter-symbol interference and inter-user interference, which significantly improve the bit-error-rate (BER) performance in high SNR regime. To further improve BER performance, a multi-stage processing can be implemented by cascading multiple stages of the proposed 2D interference cancellation, with a total delay that increases linearly with the number of stages, but independent of the number of users. The BER performance of the single-stage cancellation is analyzed, and the approximated theoretical result well matches the simulation results. Simulations are provided for up-to 3 stages of interference cancellation and compared with the basic TRDMA system without interference cancellation.
I. INTRODUCTION

V
ERY recently, the concept of time reversal division multiple access (TRDMA) was introduced as a novel multi-user media access scheme for broadband communication systems [1] . The broadband communications over channels with large delay spread can be very challenging due to the severe inter-symbol interference (ISI). Conventionally, the multi-carrier technique (like OFDM/OFDMA) is used due to its high link spectrum efficiency, however the high peak-toaverage-power ratio (PAPR) of the OFDM waveform puts high demand in the system design and suffers from poor power efficiency [2] - [5] . Leveraging the unique temporal and spatial focusing effects of the time reversal (TR) phenomenon, the TRDMA provides a cost-effective single-carrier alternative with high power efficiency for broadband multiuser communications [6] - [8] . A comparative study between Manuscript received August 31, 2013; revised December 18, 2013 . The editor coordinating the review of this paper and approving it for publication was E. Au. TRDMA and OFDM/OFDMA was made in [8] , where the authors compared the two broadband technologies in terms of complexity and performance. The TRDMA scheme uses the multi-path channel profile associated with each user's location as a location-specific signature for the user. In essence, each path of the multi-path channel is treated as a virtual antenna in the TRDMA, which collectively results in very high-resolution spatial focusing with "pin-point" accuracy. Meanwhile, the temporal focusing effect effectively suppresses ISI which significantly simplifies the terminal user's complexity and gives rise to higher-speed data transmission.
The authors in paper [1] focused on a broadband multiuser downlink system based on the TRDMA concept. In such a TRDMA downlink system, the base station (BS) transmits multiple simultaneous data streams to different users, each of which is associated with a unique multi-path profile of its channel in rich-scattering environments. The TRDMA downlink scheme exploits the spatial degrees of freedom of the environment, and focuses the useful signal power only at the intended locations. The time reversal mirrors (TRMs) [9] , [10] at the BS first time-reverse 1 the channel impulse response (CIR) of each user's channel as the user's signature waveform, and then embed these signatures into the corresponding data streams. The transmitted signal from the BS in the TRDMA downlink is a mixed signal consisting of all the users' data. When such a combined signal propagates to a certain user through the corresponding multi-path channel, a massive number of co-phased multi-path signals will automatically resonate at this user's location, resulting in the spatial focusing of the power of the useful signal component that carries this user's data.
Within the TRDMA framework, more sophisticated signature waveforms than the basic TR-waveform can be derived based on the multi-path channel responses to further improve the performance of the TRDMA downlink system, when additional computational complexity is affordable at the BS [11] . One very desirable feature of the TRDMA downlink scheme proposed in [1] is that most of the complexity can be shifted to the BS side, facilitating the very low complexity at the end-users.
In line with the same design philosophy of minimizing the complexity of the end-users, a TRDMA based uplink scheme can be developed. As one will see in this paper, the proposed TRDMA uplink scheme shares a strong duality in the mathematical structure with the downlink without increasing the complexity of the end-users. And as such, a virtual spatial focusing effect (compared with the physical spatial focusing in the downlink) can be observed in the user's signature domain at the BS. Similar to that of the downlink scheme, the virtual spatial focusing effect enables the BS to use the user's TR signature waveform to extract the useful component out of the combined received signals, allowing multiple users accessing the BS simultaneously. The proposed TRDMA uplink scheme, along with the TRDMA downlink, complements a unique asymmetric architecture between the BS and the end-users for two-way communications. Such an asymmetric architecture facilitates the very low-cost end-user devices, and reuses the processing power and channel knowledge at the BS for both the downlink and uplink.
To further enhance the system performance of the TRDMA uplink, we also propose a 2-dimensional (2D) parallel interference cancellation scheme by exploring the signal structure of both the inter-symbol interference (time dimension) and the inter-user interference (IUI) (user dimension). Compared with the extensively-researched multi-user detection (MUD) techniques proposed for the CDMA systems in the existing literature [12] - [19] , the 2D parallel interference cancellation scheme proposed for TRDMA system is distinguished in the following two aspects:
• Difference between TRDMA system and CDMA system:
In this paper, we develop a 2D parallel interference cancellation scheme for the TRDMA system that uses the multi-path channel responses as users' signatures, as opposed to the spreading codes in the CDMA system. The proposed 2D interference cancellation is more desirable and challenging for the TRDMA system due to: First, the multi-path signature waveforms are not naturally orthogonal, thus more severe IUI is expected in the TRDMA system than in the CDMA system; Second, unlike the CDMA system, the TRDMA system allows overlaps between two adjacent symbols' signature waveforms to boost system throughput, which gives rise to ISI that is challenging to mitigate by using channel equalization alone.
• 2D cancellation versus 1D cancellation: Most existing MUD schemes for the CDMA system aim to cancel only the interference caused by the concurrent transmissions of multiple users, and leave the ISI to be dealt with by channel equalizers (such as Rake receivers, linear MMSE receivers). In the proposed 2D parallel interference cancellation scheme, the structures of both IUI and ISI are explored and utilized to effectively cancel the interference in both dimensions. Particularly, the cancellation of the ISI in the TRDMA system relieves the burden of the channel equalizers, and meanwhile affords a larger extent of waveform-overlapping to support a higher system throughput.
In this paper, we introduce a multi-user uplink scheme based on the concept of TRDMA and propose a 2D parallel interference cancellation technique for the TRDMA uplink system. Bearing a strong duality with the TRDMA downlink, the introduced TRDMA uplink scheme reuses the processing power at the BS that has already been made available for the downlink, and keeps the complexity of the terminal users ... at a minimal level. The proposed 2D parallel interference cancellation scheme utilizes the tentative decisions of detected symbols to effectively cancel both the ISI and IUI at the BS. To further improve the BER performance, a multi-stage processing can be performed by cascading multiple stages of the cancellation, with a total delay that increases linearly with the number of stages, but independent of the number of users. The BER performance of the single-stage cancellation is analyzed, and the approximated theoretical result is well consistent with simulation results. More simulations are provided for up-to 3 stages of interference cancellation and compared with the basic TRDMA system without interference cancellation.
The rest of this paper is organized as follows: In Section II, we introduce the TRDMA multi-user uplink scheme. In Section III, we present the proposed 2D parallel interference cancellation technique for the TRDMA uplink system, and then generalize it to a multi-stage scheme. In Section IV, the theoretical analysis is given on the BER performance of the single-stage cancellation. Section V shows the simulation results. Finally, conclusions are made in Section VI.
II. TRDMA UPLINK SYSTEM
Consider a multi-user broadband communications system that consists of a BS and N users in the multi-path environment. In this paper, we assume that all the users operate over the same frequency band and use TRDMA to separate from one another. Fig. 1 shows the block diagram of the TRDMA uplink scheme. As shown in Fig. 1 , N users simultaneously transmit independent bit streams to the BS. In this paper, we assume that the Binary Phase-Shift Keying (BPSK) modulation is used 2 , and thus the polarity of the modulated symbols
For any given User i in the uplink network, the channel h i between the BS and User i is a multi-path channel characterized by a unique discrete-time 3 channel impulse response (CIR):
where h i,l ∈ R is the l-th tap of the CIR with length L, and δ [·] is the Dirac delta function. We assume that the channels are quasi-static and reciprocal, which can be acquired at the BS through a channel probing phase [1] , [6] . During the channel probing phase, each user takes turns to send an impulse signal 4 to the BS so that the channel impulse response (CIR) {h i [k]} of each user's link can be recorded by the TRM at the BS. Upon recording the CIR, the TRM will reverse the recorded waveform in the time-domain and normalize it as the unique signature waveform of User i [1] . The time-reversed waveform of User i will be used at the BS to extract the desired signal from a combination of the multiple access signals that are mixed in the air. Specifically, the time-reversed signature waveform of User i can be written as
After the channel probing phase, the users can start to transmit the statistically independent messages
} to the BS through the multi-path channels. A rate back-off factor D is introduced to match the symbol rate (signal bandwidth) with the system's sampling rate (channel bandwidth) 5 . For any user U i , i ∈ {1, 2, . . . , N}, the rate matching process is performed by up-sampling the sequence of modulated symbols {X i [k]} by a factor D, as shown in Fig. 1 . The up-sampled sequence of modulated symbols for User i can be expressed as
The scaling factors a i , for i ∈ {1, 2, . . . , N} in Fig. 1 are used to implement the transmit power control, whose values are assumed to be instructed by the BS through the feedback/control channel. After multiplying with the scaling factor, the sequence of Fig. 1 . Consequently, the mixed signal received at the BS can be written as
Upon receiving the mixed signal as shown in (4), the BS passes this mixed signal through a bank of N TRMs, each of which performs the convolution between its input signal 
in which the highest gain for User i's symbol is achieved at the temporal focusing time l = L − 1, with
Examining the equation (5) and the received signal at the terminal users in the downlink [1] , the same mathematical structure can be found by switching the roles of the signature waveforms {g i }s and the CIRs h i s in the convolution (and ignoring the scaling factor a i and noise term.) Therefore, mathematically 6 , a virtual spatial focusing effect as observed in the downlink can be seen in the user's signature domain of the proposed uplink scheme. Such a virtual spatial focusing effect is used to separate the useful signal from the signals from others. Then the rate matching is performed by downsampling (with the same factor D) the TRMs' output signal to recover the original symbol rate of the modulated symbols of each user.
After the rate matching, the down-sampled TRM output
} is still a Gaussian random variable with zero mean and the same variance σ 2 N , since {g i } is a normalized waveform as shown in (2) .
Decomposing the signal shown in (7), we have the following 6 Unlike the physical spatial focusing effect observed in the downlink in which the useful signal power is concentrated at different physical locations, in the uplink, the signal power concentration in the users' signature waveform space is achieved mathematically at the BS. 7 More rigorously, here components as
The basic TRDMA uplink scheme uses the signal (7) to estimate the transmitted symbol X i [k] . A very simple decision rule can be derived to implement the maximumlikelihood estimation (MLE) for the BPSK symbols
. . , N. By the central limit theorem, we model the total interference term (including the ISI and IUI) as a Gaussian random variable with zero mean 8 and variance
The likelihood ratio can be derived as
where f i (y|x) is the conditional probability density function
The simple form of likelihood ratio shown in (9) leads to a simple decision rule for the MLE, specifically,
In (10), the superscript "(0)" ofX
indicates the initial stage of the interference cancellation procedure. Such a notation will be useful in the following discussion of multi-stage interference cancellation schemes.
The error probability of the estimator shown in (10) can be calculated based on the Gaussian approximations of the interference as follows i is the Signal-to-Interference-plus-Noise Ratio (SINR) for User i at the initial stage. From (11) , one can see that the error probability decreases with the achieved SINR, i.e. the quality of the signal before the final decision.
In the following sections, we discuss the 2D interference cancellation scheme which uses the estimated symbols to effectively cancel both the ISI and IUI, and significantly improves the performance.
III. 2-DIMENSIONAL PARALLEL INTERFERENCE CANCELLATION
In this part, we describe the proposed 2D parallel interference cancellation scheme. We first introduce the singlestage scheme which serves as a building block of the more complicated multi-stage scheme, as will be introduced in the later part of this section.
The TRDMA system is an interference-limited system, especially in the high signal-to-noise ratio (SNR) regime. Fortunately, unlike the random noise, the interference terms shown in (8) have their own structure, which can be explored to further improve the BER performances. Since the CIRs have been obtained at the BS during the channel probing phase 9 , the interference terms in (8) can be reconstructed if the relevant transmitted symbols are known. In our interference cancellation scheme, the estimated symbols from the previous stage 10 are used to approximate the interference terms in the current stage. Unlike the existing multiuser detection scheme in CDMA systems, the interference cancellation of the TRDMA system is complicated by the fact that the interference consists of two parts belonging to two different dimensions: the ISI is due to the multi-path effect of broadband channels, which is in the time domain; the IUI is caused by the simultaneous transmission of multiple users, which is in the user's signature domain. The proposed 2D parallel interference cancellation scheme for the TRDMA uplink system targets at the interference in both of the two dimensions, by exploiting the structure of interference in both dimensions.
A. Tentative Decision Vector
Due to the unique structure of TR waveform, each received symbol suffers the interference caused by those symbols transmitted before and after this symbol. According to (8) , in order to ideally cancel the interference for User i's symbol X i [k] , one has to know all the other users' transmitted symbols
In reality, tentative decisions are made in attempt to estimate these symbols. To simplify the notation in the sequel, define the vectorX
. . , N}, as the stage-0 tentative decision vector for User j, as shown in (12) .
Since the stage-0 tentative decisions for User j solely depend on this user's own TRM output, the tentative decision
Hard Decision
Interference Cancellation (1) [ ] vectors can be obtained in parallel for all the users in the proposed 2D parallel interference cancellation scheme.
B. Approximated Interference Reconstruction
Based on the tentative decisions of the transmitted symbols, the approximated interference terms in (8) can be reconstructed by looking at the structure of the ISI and IUI. In doing so, we first define the row vector U i,j for ∀i, j ∈ {1, 2, . . . , N} as shown in (13) 
where D(z) is a diagonal matrix whose diagonal elements are listed by z, and 1 {1, 1, . . . , 1} of length
• IUI Canceler Vector: Similarly, we define the IUI canceler vector for the IUI caused by User j to User i as U i,j , so that the estimated IUI term to be canceled for User i's symbol X i [k] can be obtained as
C. Single-stage 2D Interference Cancellation
The single-stage 2D parallel interference cancellation scheme is shown in Fig. 2. From Fig. 2 Similar to the definition in (12), denoting X j [k] as (17), we can rewrite (8) in a more compact form as shown in (18) . After the interference cancellation, the resulting soft-bitX (1) i [k] can be written as (19) . A hard decisionX
can be made based onX (1) i [k] to achieve a more refined estimation for the transmitted symbol.
D. The Multi-stage Scheme
To further improve the detection performance, a multi-stage processing can be performed by cascading multiple stages of
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Integer Delay
Integer Delay Integer Delay the proposed 2D parallel interference cancellation. In this part, we generalize the basic single-stage scheme into a multi-stage scheme, in which the signal quality is refined after each stage of interference cancellation 11 . Fig. 3 shows the diagram of an M-stage interference cancellation scheme. Basically, as the procedures proceed, in each stage, the same 2D parallel interference cancellation is performed in attempt to remove both the ISI and IUI with the updated estimates of the transmitted symbols. Each stage takes the soft-bits from the previous stage as the input, based on which tentative decisions are made to estimate the interference and generate the soft-bits of the current stage as the output.
More specifically, in the context of multiple stages, the m-th stage's operation can be described as follows:
• Delay and Buffering: The soft-bits from the previous stage (the (m − 1)-th stage) are delayed and buffered to form a soft-bit vector for each user, such that for all i ∈ {1, 2, . . . , N},X
can be obtained as (20) .
• Tentative Decision: The tentative decisions are made based on the soft-bits from the previous stage (the (m − 1)-th stage) in attempt to estimate the transmitted symbols, i.e., for all i ∈ {1, 2, . . . , N}, the tentative decision vectorX
can be obtained as (21) . In (21), sgn(·) is the sign function applied elementwise to the operand when the operand is a vector.
• Interference Cancellation: The soft-bits of the current stage (the m-th stage) are generated by subtracting the estimated interference terms from the original signals {Y i }. The soft-bit of User i generated by the m-th stage is given by (22) .
In particular, such an M -stage scheme is initialized by setting the soft-bits of the initial stage (the 0-th stage) as
After the signal flows through all the M stages, the final decision is made for each user based on the output of the Stage-M interference cancellation, for all i ∈ {1, 2, . . . , N},
(24) Comparing the timing of the estimated symbols after the final decisionX D . Therefore, the total detection delay grows linearly with the number of stages, but is independent of the number of users. When it comes to the complexity, the complexity of the proposed 2D parallel interference cancellation increases linearly with the number of users, as opposed to many other joint detection schemes whose complexity grows exponentially with the number of users.
IV. PERFORMANCE ANALYSIS OF THE SINGLE-STAGE INTERFERENCE CANCELLATION
In this section, we analyze the estimation performance of the proposed 2-dimensional interference cancellation scheme, assuming that BPSK symbols are transmitted. As one will see, the performance analysis associated with this scheme is complicated by the fact that the tentative decisions are highly correlated in both time domain and user's signature domain, rather than independent of one another. In the following part, we focus on the single-stage 2D interference cancellation and analyze the resulting BER performance.
The theoretical analysis of the estimation error probability of the multi-stage 2D parallel interference cancellation scheme can be very difficult, due to the nonlinearity of the tentative decision and complicated correlation of the combined signals after multi-stage interference cancellation. We will use simulations to evaluate the BER performance of the multi-stage scheme.
A. Statistical Model on the BER Performance
In the proposed 2D parallel interference cancellation scheme, tentative decisions {X
} are used to cancel the ISI and IUI in the first stage. The resulting soft-bit of User i can be represented as in (19) .
A hard decision (10) is made onX
To calculate the error probability P r X (1) i
, one needs a statistical model to characterize the total interference in (19) . Although the BPSK symbols {X i } for all i ∈ {1, 2, . . . , N} are i.i.d. and follow a very simple Bernoulli distribution, the exact distribution of the interference is much more complicated due to the large numbers of L (the length of the multi-path channels) and N (the number of users). On the other hand, however, for sufficiently large L and N, it is reasonable to assume a Gaussian model for the remaining (after the cancellation) ISI and IUI.
Assuming then a Gaussian model for both the (remaining) ISI and IUI, the error probability for the single-stage cancellation is given by P (1)
, where
To calculate the residual ISI power P (1) ISI (i) and IUI power P j,w in (26) for ∀j, w ∈ {1, 2, . . . , N} which will help simplify the notation in the following discussion.
Consequently, the ISI power for User i after the first stage interference cancellation can be written as (27) . Similarly, the remaining IUI for User i can be represented as (28).
With (27) and (28), the calculation of the interference power for User i reduces to calculate the error correlation matrix R (0) j,w , which will be addressed in the remaining part of this section.
B. The Error Correlation Matrix
The error correlation matrix R (0) j,w defined in (26) consists of four different correlation matrices, which together characterize the correlation between the estimation errors of User j and User w. Exact calculation of these correlation matrices can be very difficult, we approximate them using various techniques, more detailed in the following discussion.
Since the BPSK symbols are i.i.d. Bernoulli random variables over {−1, +1}, the first term E X j [k]X T w [k] (the data correlation matrix) in (26) can be calculated very easily, i.e.,
where I and 0 are the identity matrix and the zero matrix of size 2 
which is given in Theorem 1.
Theorem 1. Denoting τ = m − n in (30), the expected value
is given by the following:
Proof: Please refer to Appendix I.
2) Estimation Correlation Matrix
Denoting τ = m − n, the element on the m-th row and nth column of the matrix C (0) j,w can be then represented as follows 12 Note that for the value of any element M
is a function of m − n, independent of the specific value of k.
which can approximated by modeling
as bivariate Gaussian random variables in Theorem (2). (33) can be given by the following
Theorem 2. By modeling
where
Proof: Please refer to Appendix II for the proof of this theorem and the calculation of 
To summarize, we have derived an analytical approximation for each of the four components of the error correlation matrix in (26). Therefore, for any given j, w ∈ {1, 2, . . . , N}, it holds that
so that both the residual ISI power (27) and IUI power (28) can be calculated using (39). Then for any given user of interest (for instance, User i), the post-cancellation SINR SIN R In this section, we present some simulation results on the BER performance of the proposed 2D parallel interference cancellation scheme. To study the proposed scheme in a relatively realistic setting, we used the IEEE 802.15.4a (UWB) outdoor non-line-of-sight (NLOS) channel model 13 [22] to evaluate the BER performance of the proposed scheme. Fig. 4 shows an example of two typical channel impulse responses under such a channel model and their convolutions with the TR signature waveforms. The channels shown in Fig.  4 are randomly generated according to the channel model specified in [22] , with the system sampling period T s = 1 ns and the channel length truncated 14 at LT s = 300 ns (i.e., L=300). In Fig. 4 , the convolution between User 1's CIR h 1 and its matched TR signature waveform g 1 exhibits a prominent central peak at (h 1 * g 1 ) [L − 1], demonstrating the temporal focusing effect of the TR technique; on the other hand, the amplitude of the convolution between the TR signature waveform g 1 and the mismatched CIR h 2 is significantly smaller than the central peak (h 1 * g 1 ) [L − 1], demonstrating the virtual spatial focusing effect in the user's signature domain.
In the following part of this section, we present our numer- 13 In such a channel model, each channel tap is a real number. 14 This is because the amplitude of the remaining paths after 300 ns is typically small enough to be neglected ical evaluation on the BER performance of the proposed 2D interference cancellation scheme. In our simulation, the CIRs for different users are randomly and independently generated using the IEEE 802.15.4a channel model, with T s = 1 ns and L = 300. Without loss of generality, the CIR of each user is normalized so that
and assume that all the power control coefficients a i = 1, ∀i ∈ {1, 2, . . . , N} 15 . A large number of independent trials of channel realizations were conducted and averaged to characterize the average performance of the proposed scheme under this channel model.
A. BER vs E b /N 0
In this part, we show the BER performance versus E b /N 0 (the energy-per-bit to noise-power-spectral-density ratio) with various combinations of rate back-off factor D and the total number of users N. The energy-per-bit E b is normalized to 1 by the assumption that each BPSK symbol X i [k] ∈ {−1, +1} has a unit power; accordingly, the power of the received AWGNñ[k] at the BS is then given by
. Fig. 5 and Fig. 6 show the BER performances of the proposed 2D parallel interference cancellation scheme (up to 3 stages), and compare with the basic TRDMA system without interference cancellation. From both figures, significant BER performance gain is achieved by the proposed 2D parallel interference cancellation scheme, compared with the baseline TRDMA system without 15 To implement an equal power allocation among the users. interference cancellation. Additional gain is achieved by cascading more stages of the proposed interference cancellation scheme, at the price of increased decoding delay which grows linearly with the total number of stages. The largest gainper-stage is obtained by the first stage, with the marginal gain diminishes for the following stages. Therefore, there always exists such a tradeoff between the system performance and the number of stages, which should be determined by the applications. Lastly, the theoretical approximation derived in Section V matches reasonably well with the simulation results, considering its complicated correlation between tentative decisions and the Gaussian assumptions we made in the approximation. Comparing Fig. 5 and Fig. 6 , one can see that the accuracy of this approximation improves as the number of users increases, which agrees with the central limit theorem.
B. Further discussion on high SNR regime
In high SNR regime, the TRDMA system becomes an interference limited system. In this part, to evaluate the effectiveness of the proposed 2D interference cancellation scheme, we show how the system performs in the high SNR regime. In the following numerical results, the E b /N 0 is chosen as 15 dB to represent high SNR. Fig. 7 shows how the BER performance changes with the number of users N with high enough SNR. As shown in the example of Fig. 7 with the rate back-off factor D = 32, the BER increases with the number of users N due to the increased IUI. Targeting at a certain BER level (e.g 10 −3 ), the proposed 2D interference cancellation enables more users to transmit simultaneously and therefore increases the system capacity. The benefit of using the interference cancellation diminishes when the BER of the baseline system (considered as the initial stage) is above a certain threshold. This is because of the fact that the interference cancellation scheme at the receiver eventually relies on the tentative decisions of the detected symbols to cancel the interference, whose effectiveness inevitably depends on the quality of those tentative decisions. Fig. 8 shows how the BER performance is affected by the rate back-off factor D with high enough SNR, assuming that there are 5 users accessing the BS simultaneously. Since both the ISI and the IUI are reduced with a larger rate back-off factor D, the BER decreases as D increases. From Fig. 8 , one can see that thanks to the proposed 2D parallel interference cancellation scheme, the TRDMA system could use a smaller D to achieve the same BER, which translates to higher throughput for each user. Finally, it is also worth noting that when D is very small (e.g., for D = 6 (only 2% of the channel length) in Fig. 8 ), there can be more erroneous tentative decisions (i.e. very high BER (> 10 −1 ) for the initial stage) which in turn actually enhance the interference power, rather than canceling. However, most practical TRDMA applications operate at a much lower BER level 16 for the proposed interference cancellation scheme to contribute.
1) BER vs the number of users N :
2) BER vs the rate back-off factor D:
VI. CONCLUSION
In this paper, we introduced a multi-user TRDMA uplink architecture and proposed a 2D parallel interference cancellation scheme to enhance the system performance. As we discussed in this paper, such a TRDMA uplink architecture keeps the cost of end-users at a minimum level, and reuses the processing power at the base station (BS) that has already been made available for the downlink. The proposed 2D parallel interference cancellation scheme utilizes the tentative decisions of detected symbols to effectively cancel the interference in both the time dimension (ISI) and the user dimension (IUI). To further improve the BER performance, we extended our discussion to a multi-stage scheme by cascading multiple stages of the proposed 2D interference cancellation, with a total delay that increases linearly with the number of stages, but independent of the number of users. Theoretical analysis was made on the BER performance of the single-stage cancellation, and the approximated theoretical result well matched the simulation results. The performance results demonstrated that the proposed 2D parallel interference cancellation scheme can significantly improve the system performance of the TRDMA system.
are independent (as can be seen in (7)) and therefore 
The covariance matrix Σ = σ can be given by the following: 
Combining the results of (49) which can be substituted into (46) to obtain the value of ρ j,w (τ ).
Upon obtaining the probability distribution of
by assuming a bivariate normal distribution model, the quadrant probability is readily and analytically given by [21] 
